Abstract: Ever incrasing demand on power system needs latest FACTS devices to increase the power transfer capability. One of such device is Generalized Unified Power Flow Controller. This device has got more emphasis, as it has five/more degree of freedom, it can simultaneously control the voltage at the sending end and the power flow through the transmission lines to which the device is connected. The detailed Power Injection Model (PIM) of GUPFC is proposed in this paper. Location and rating of the device plays a major role, to get proper control in power system. An optimal placement strategy based on single line contingencies through performance index is proposed. Without loss of generality, device rating is calculated based on the power handling capacity of the converters. Series and Shunt Converter switching losses and the shunt converter reactive power injection are considered, to analyze the effect of the device. Analytical results confirms the effect of the device control parameters on a given test system.
Introduction
Flexible AC Transmission Systems (FACTS) has got good reputation because of getting higher controllability and increasing power transfer capability by means of power electronic based converters [1] . Basically these devices reduce the network expansion cost/transmission lines installation cost, by properly managing the system parameters. The basic applications of the FACTS devices are: power flow control, increase of transmission capability, voltage control, reactive power compensation, stability improvement, power quality improvement, etc [2] . It can be seen that with the growing demand for electricity, the opportunity for FACTS-devices gets more and more important.
The Unified Power Flow Controller (UPFC) can be used for simultaneous control of the power system parameters (voltage, impedance, phase angle), or any of the above combinations [3, 4] . A comprehensive load flow model for UPFC, to incorporate into existing Newton-Raphson (NR) Load flow is presented in [5] . An algorithm is proposed for determining the optimum flow and size of UPFC for power flow applications [6] . The UPFC operation, control, sequencing, and protection methodologies under practical constraints are discussed in [7] . An effective modeling of UPFC and its performance has been presented in [8, 9] . A set of analytical equations are derived to control any combination of the power system parameters or none of them [10] . It is possible to study the power flow control in the presence of UPFC by obtaining sensitivity matrix of the power system [11] . The congestion management in power system is possible with the selection of suitable location and settings of its control parameters [12] . An effective injection modeling approaches to power flow analysis in the presence of UPFC is discussed in [13] [14] [15] . Power Injection Model (PIM) of UPFC and its effect, based on location are analyzed in [16, 17] . Advanced UPFC model to reuse NR Load flow has been developed in [18] .
It is possible to extend the concept of voltage and power flow control beyond what is achievable with the UPFC; name of the device is Generalized Unified Power Flow Controller (GUPFC). three converters, one connected in shunt and the other two are in series with two transmission lines at a bus. This basic configuration can control total five power system quantities such as a bus voltage and independent active and reactive power flow in two lines.
Figure 1. Principle configuration of GUPFC
The complete working procedure and fundamental frequency model of GUPFC is described in [19] . In [20] , a mathematical model of the GUPFC suitable for power flow is proposed. Voltage source based mathematical models of the GUPFC and its implementation in Newton power flow is presented in [21] . In [22] , the application of GUPFC in a real power grid for power flow as well as voltage control by applying a four converter GUPFC in Sichuan power system of China is analyzed. Steady state mathematical model of GUPFC, based on d-q axis reference frame decomposition has been derived in [23] . Robust modeling of the GUPFC with small impedances in power flow analysis is given in [24] . A fuzzy rule based model for GUPFC is proposed in [25] . Nonlinear predictor-corrector primal-dual interior-point optimal power flow algorithm for GUPFC is presented in [26] . The design of the GUPFC damping controller is designed in [27] . Analysis of sub synchronous resonance with GUPFC is presented in [28] .
The concept of GUPFC can be extended for more lines, if necessary. By using GUPFC devices, the transfer capability of transmission lines can be increased significantly. Further mores, by using the multi-line management capability of GUPFC; active power flows on lines can not only be increased, but also be decreased with respect to operating and market transaction requirement [24] . From the careful review of the literature, it is identified that, in the GUPFC modeling, the switching converter losses are not considered.
In this paper, the main contribution is to develop Power Injection Model (PIM) of GUPFC with converter switching losses to get an effective control and secured operation. A proper location to install the device is calculated by using single line contingency analysis. An optimal rating of the device is estimated without loss of generality i.e. by using power handling capability of the device subjected to the system loading conditions. The main advantage of the proposed methodology is that, the rating and the optimal location of GUPFC are obtained to show the effectiveness of the device on system parameters, which is not available in the existing literature. The efficiency of the proposed model is tested on Hale Network.
A. Critic on Literature
Most of the literature has not given the detailed mathematical PIM of GUPFC in an optimal location with proper size to analyze the effect of the same on a given power system. So, there is a need of such a stated modeling to get proper control over the network to optimize certain objectives. Hence in this paper, optimal location finding strategy, proper device size calculation strategy, and a detailed analysis of the GUPFC power injection model are presented.
Operating principle of GUPFC
There are several possibilities of operating configurations by combining two or more converter blocks with flexibility. The GUPFC with combining three or more three-phase switching converters connected back-back through coupling transformers.
The main function of the converter is to change a DC input voltage to a symmetrical AC output voltage of desired magnitude, frequency and phase shift with respect to the selected reference. The function of coupling transformers is to isolate GUPFC and transmission line and to match the voltage levels between the line and the voltage produced by the converters. Series converter inserts voltage of controllable magnitude and controllable phase angle in series with the transmission line via series connected transformer, thereby it provides the control of real and reactive power flow in the transmission line. The real power injected into the system by the series branches must be taken from the parallel branch through dc link. The real power flows in either direction between AC terminals of the converters.
GUPFC Mathematical modeling
A GUPFC can be represented by three voltage sources, which are controllable in both magnitude and phase angle and are representing fundamental components of output voltages of three converters & impedances being leakage reactance's of three coupling transformers. Let us define three GUPFC buses i, j and k as shown in Figure 2 The GUPFC device is incorporated in between three GUPFC buses, out of which one is a common bus for the remaining two buses. Briefly, one of the series converters is connected between bus-i and bus-j, similarly, another series converter is connected between bus-i and bus-k. The GUPFC power injection model is developed in two stages, one is series connected voltage source model and the other is shunt connected voltage source model. The voltages behind the series reactance's can be calculated as (9) the detailed expressions for these injections can be deduced by substituting Eq. (6) in Eqs. (7)- (9) (12) by using trigonometric identities in Eqs (10)- (12) 
The equivalent series connected voltage source model with the corresponding power injections is shown in figure 4 . 
B. Shunt connected voltage source model
The shunt connected voltage source can be modeled as an equivalent power injection from GUPFC shunt branch to the series branches through converters 1 and 2. This model is also used to provide the converter switching losses. The reactive power injection at shunt converter is used to control/maintain the voltage level at sending end within limits. The equivalent shunt connected voltage source model with the corresponding power injections is shown in Figure. 5. The total switching losses of the one converter is about 0.8-1% [2, 21] of the power transferred through the converter. If these losses are considered, then the real power injection of the shunt converter is Chintalapudi Venkata Suresh, et al.
C. GUPFC mathematical model
The final steady state model of GUPFC power injection model is obtained by combining series connected voltage and shunt connected voltage source models. Then the equivalent GUPFC model is shown in Figure 6 
D. Computational flow
Initially contingency analysis is performed for a given system to find a place where two lines attached to the critical bus, to install GUPFC. After this the device rating is calculated by using the procedure mentioned in the section 5 and using the flow chart shown in Figure. 7. Then, the complete analysis of the effect of GUPFC on a given test system is performed by using NR load flow.
To study the impact of GUPFC on an electrical power network, the device model should be incorporated into the system. Power Injection Model is a popularly used model to incorporate the device by changing the Jacobian and power mismatche equations in Newton-Raphson algorithm [16] . The linearized system model based on NR algorithm is written as,
The algorithm for solving power flow problem embedded with "UPFC" is implemented for "GUPFC" [16] . The corresponding power mismatches Eqs.(34) to (39) and corresponding Jacobian elements are given in Eqs.(40) to (67).
Optimal location
Contingency analysis is a procedure of removing an alternator, transformer, or a transmission line for temporarily or permanently based on the requirement. Because of this the system may enter into an unstable state which may be insecure. This analysis got very importance in power system analysis to predict the contingencies so that the preventive/corrective actions can be taken appropriately. In this paper, single transmission line contingency approach is followed [29] . For each line outage, the total lines which violate the maximum power flow (OLL) and the total buses which violate the minimum/maximum voltage limits (VVB) are identified. The performance index (PI) is calculated by performing the summation of the total number of over loaded lines (NOLL) and total number of voltage violated buses (NVVB). i.e PI = NOLL + NVVB. Rank is allotted to the contingencies based on the performance index [30] . The line with highest performance index is the most severe than the remaining. Then, the shunt converter is placed at the critical bus and the two series converters are placed in the transmission lines which are connected to the critical bus and is based on the line reactance and also the line flow limits. The contingency ranking of the test system is given in Table. 1.
Device size calculation
To get an effective and required control action, estimating proper size of GUPFC plays an important role in the present day power system FACTS device installation . Without violating loss of generality, the device power rating should be more than the device operating power in a system. Based on this principal the device rating is calculated as follows:
The reactance seen from the terminals of the series converter transformer (in p.u base on system voltage and base power) can be calculated as [6] where k x is the series transformer reactance, ' max r ' is the factor to maximum p.u value of the injected voltage magnitude, ' B S ' is the system base power, and ' S S ' is the nominal power rating of the series converter.
Normally in transmission system, frequently used power transformers specifications are in, MVA, kV, %Z, Hz.
By using these specifications, the transformer reactance ( k x ) can be calculated from the fundamentals as (33) Figure 7 shows the flow chart to determine the device rating.
Numerical results

A. Setting of the proposed approach
A MATLAB code has been developed to perform contingency analysis for finding the device location, to determine the device rating and also to analyze the effect of GUPFC on a given power system on a computer with 2.5 GHz processor and with 2GB RAM. The capability/compactness of the code can be calibrated in terms of the execution time. The time taken for each iteration with constant 'r' and ' γ ' varies from 00 to 3600 with 100 interval is around 15-20 sec.
In this study, the standard Hale Network is considered to investigate the effectiveness of the proposed strategy. The data is taken from [31]. The single line contingency analysis procedure is performed on the test system for determining the proper location and results are tabulated in Table 1 . From this, it is observed that bus-5 is the critical one and the lines connected to this bus are 'line-6' and 'line-7'. Hence the device is placed in this location.
B. Illustration of contingency analysis
C. Optimal device rating
Based on the procedure mentioned in section 5, the device rating of the test system is calculated and are tabulated in Tables.2 with different ' sh Q ' values. To show the validity of the methodology, power transfoermer specifications considered in this paper are 100MVA, 138 kV, 12.7 %Z, 50 Hz. From these results, it is observed that the required nominal power rating of the converter is 10MVA. 
Conclusion
The effect of multi-line controller (GUPFC) has been analyzed by using the proposed Power Injection Model of the device. Since it is the combination of the multiple converters, it can simultaneously control the voltage by using shunt converter and power flows (both active and reactive) through the transmission lines using series converters. All these converters are coordinated together to perform the device operation successfully. The proposed strategies, to find optimal location and device rating works in a constrictive manner to analyze the effect of device on a given test systems. The analytical resutls shows the variation of the system parameters like, bus voltage magnitudes and phase angles, line power flows and losses greatly effects based on the device parameters like 'r', ' γ ' and ' sh Q '. Finally, the developed PIM of the GUPFC can effectively controls the power system parameters of the test systems.
Appendices
A. Modifications in Jacobian elements
The modified diagonal and off-diagonal elements of 'H' are 
B. Modifications in power mismatch equations
The modifications in active and reactive power mismatches are given as (superscript '0' indicates the power mismatches without device) 
